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Abstract - A channel simulator that models accurately
the physical channel statistics determined by the fre-
quency separation between two carriers in frequency
hopping (FH) systems is called a FH channel simulator.
In this paper, we propose a novel deterministic FH
simulation model for Rayleigh fading channels, which
can easily be implemented and is very useful for in-
vestigating the frequency diversity gain of low speed
mabiles in practical FH systems. The optimization
technique based on the L,-norm method is exploited to
calculate some simulation model parameters. Moreover,
the performance evaluation of the proposed channet
simulator is performed for typical GSM FH mobile radio
data transmission scenarios. A pretty good agreement
between the statistical properties of the simulation
model and those of the underlying analytical model is
observed in all cases.

Keywords - Deterministic channel modeling, Rayleigh
fading channels, frequency hopping, optimization tech-
niques, statistics.

I. INTRODUCTION

Frequency hopping {FH) Is one of the many techniques
that are being considered to Improve the system per-
formance and spectral efficiency of modern wireless
communication networks by providing frequency diver-
sity and interference diversity. The use of FH in GSM
is the most popular FH application in cellular systems
[1]-I6). Many contributions have alse applied FH to
spread spectrum multiple access (SSMA) communica-
tion systems [6}-[8] and Bluetooth wireless networks [9].

It is typically assumed in FH systems that the sepa-
ration of hopping Irequency bands is larger than the
coherence bandwidth and, hence, the received signals
are uncorrelated {3, 4, 10]. However, such an assumption
is not generally true since channel correlation within
coherence bandwidth usually occurs in practical FH
systems [7, 11]). Therefore, it is of great significance to
investigate the correlation properties of the received sig-
nals at different carrier frequencies, which might be very
helpful to set up the frequency hop size guaramteeing
quasi uncorrelated fading and therefore higher frequency
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diversity gain in real celtular systems employing FH.

For the design and implementation of a FH wireless
communication system, it is essential to have a channel
simulator which can be realizable in laboratory to
duplicate the assumed statistical properties, thus, make
it possible for the performance analysis, optimization
and test. The resulting channel simulator that models
accurately the physical channel statistics determined hy
the frequency separation between two carriers in FH
systems is called a T'H channel simulagor. Only several
papers have contributed to this topic. A frequency
domain channel model with FH capabilities has been
developed by using frequency transform techniques in
[2]. A method of modeling frequency correlation of fast
fading which can be used to emulate FH in a wide-band
channel has been described In [13]. A stochastic FH
simulation model for Rayleigh fading channels has been
presented in our previous paper (14]. This model enables
the statistical fitting to a physical channel model with
high precision, but its complexity is high due to the
stochastic property and the used double sum of sinusoids.

In this paper, we propose a novel FH Rayleigh fad-
ing channel simulator based on Rice’s sum of sinusoids
[15, 16]. Due to its deterministic feature and the used
single sum of sinusoids, this model can easily be imple-
mented with low complexity. The adjustments of model
parameters are performed numerically by using an opti-
mization technique based on the L,-norm method.

I1. FH ANALYTICAL MODEL

In this section, we discuss the theoretical analytical
mode} and its correlation properties, which is very
important for the performance evaluation of our de-
terministic simulation model presented in Section V.
The equivalent complex baseband notation will be used
throughout the paper.

Under narrow-band conditions, the widely accepted
model is the Rayleigh fading channel model, where it
is assumed that no line-of-sight path exists between the
base station and mobile station antennas. We start by
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writing the envelope of the received signals at two dif-
ferent earrier frequencies, denoted by f. and f, which
can be regarded as two frequencies in the frequency list
determined by the FH pattern, in terms of narrow-hand
inphase and quadrature components:

¢(#)
¢'(t)

where both j;{¢) and pl(t) (5 = 1,2) are real Ganssian
noise processes, each with zero mean and variance o2.
As a prerequisite of Rayleigh process, u;(t) (¢ (2)) and
n2(£) (na{t)) are statistically independent, and thns,
they are uncorrelated stochastic processes.

(1a)
(1b)

lpa(t) + jualt)] , at f.,
[ () + jua ()] , at £,

I

It two signals are transmitted from the base station at
different carrier frequencies, then, their statistical prop-
erties, observed at the mobile antemna, are uncorre-
lated if the absolute value of the frequency separation
x = i — f. is sufficiently large. To answer the guestion
of how large is enough for the frequency separation be-
tween two carriers, which can be employed to set up the
frequency hop size in real FH gystems, we have to study
in detail the following autocorrelation functions (ACFs)
and cross-correlation functions (CCFs):

(22)
(20)

Tuin, (T) = E{pa(t)p;(t + 1)},
Viron§ (Ta X) = E{#m’(t);‘-ﬂ_’?’(t + T)} .

for all ¢ = 1,2 and § = 1,2, where the operator E{}
refers to a statistical average. All of these correlation
functions ¢an be derived provided that the horizontal
directivity pattern of the receiving antenna and the dis-
tributions of the angles of arrival and the echo delays are
known [17]. Without much loss of generality, we assume
that the omnidirectional antenna is deployed, the angles
of arrival are uniformly distributed, and the echo delays
7' are negative exponentially distributed according to the
following expression: .

=

1
I adl

p{T ) - (]16 = (3)
where o represents the delay spread. The vale of o is
0.1086 ps nnder the rural area (RA) environment [18],
which implies a freqnency-nonselective chammel for GSM.
Tt then follows from these assumptions that the expres-
sions (2a) and (2b) can be solved analytically [16]:

Tum;(r):'f'u"-ﬁ’i('r) = Utzl‘]ﬂ(zﬂfmum'r) s (4a)
Furpz (T) :ru;pé (T) =0 H (4b)
(71 x) = 2T e ) (4e)

1+ (27rax)? '
T,Ulﬂ-lz (T! X) = '_Tpapt'l (Ta X) = ‘27"0X7'p1,u’1 (T7 X) 1(4d)
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where i = 1,2. In {(4a) and {4c), fiee IS the maxi-
mum Doppler frequency, and Jo(.) denotes the zeroth-
order Bessel function of the first kind. Note that the
variance of p;(t} can easily be obtamed by evaluat-
ing (4a) at 7 0, i€, 7pu.(0) = ¢3. The uncor-
relatedness between the inphase and quadrature com-
ponents is shown in (4b). Close observation of (4c)
and (4d) indicates that 7, ./ (7,x) is an even function,
while 7,1 {7, x) is an odd function with respect to the
Irequency separation x, i.e., 7,0 (7,x) = ruu(7,—x)
and 7,0 (7,X) = =74, (7, —x). When x = 0, which
implies the non-hopping case, the expressions (4c) and
{4d) will reduce to (4a} and (4b), respectively. Hence,
Tuap (5,00 = vy, (7) and ry, 0 (7,0) = 7, 0,{7). Equa-
tion {4c) also states that the correlation between the in-
phase components of two received signals having different
frequencies decreases with the increasing absolute value
of frequency separation x, as one would expect. This
statexpent also holds for (4d) when x is sufficiently large.
When we analyze these two equations on the condition of
FH, ie., x # 0, it is clear that the strongest correlation
of two signals occurs i there is no time delay (= = 0}. In
order to ensure that we can find the proper value of fre-
quency separation which is somehow large compared to
the coherence bandwidth of the channel, we mmst inves-
tigate {4c) and (4d) at 7 = 0. Note that the expressions
(4a)-(4d) will form the basis for the statistical analysis
to follow in succeeding sections of this paper and the
preceding analysis is of great importance for the opti-
mization procedure in Section IV.

III. DETERMINISTIC FH SIMULATION
MODEL

In this section, we will propose a novel deterministic
FH Rayleigh fading channel simulator that can faithfully
simulate all those correlation properties of the underly-
ing analytical model i order to study FH systems in the
laboratory. By applying the principle of deterministic
channel modeling {19, 20], we can model the real Gaus-
sian noise processes u;{t) and pf(t) (i = 1,2) by a finite
sum of properly weighted sinusoids:

N
() = Z Caos(2m frt + 65}, (5a}
n.:lN
fa(t) = =) easin(2nfat +6,) (5b)
Nn=1
A(t) = Y cncos(2mfat +6,), (5¢)
n=lN
Bt) = =) easimnfut+6,),  (5d)

where N represents the number of sinuspids, mainly de-



termining the realization expenditure and the perfor-
mance of the resulting channel simulator. The other
three model parameters, i.e., the Doppler coefficients
¢n, the discrete Doppler frequencies f,, and the phases
8. (07,), will dominate how well the statistical proper-
ties of our simulation model can approximate those of
the analytical model. It is worth mentioning that all
these parameters will be determined during the simula-
tion setup phase and kept constant during the simulation
run. Thus, the resulting simulator is of the determinis-
tic property. In order to get the optimal approxima-
tion of the probability density function {PDF) of the de-
terministic process [i;(t} to the ideal Gaussian PDF of
the stochastic process u;(t) for a given number N, the
Doppler coefficients ¢, have to be calculated according
to the following closed-form expression {19]:

Cp = 70\/N-

In (5}, the Doppler phases 8, and @, are related to the
carrier frequencies f. and f. = f. + x, respectively. In
other words, the occurrence of a frequency hop f. — f!
in the physical channel model corresponds to phase hops
6, — 0!, in our simulation model, whereas the other
parameters remain unchanged. Therefore, we propose to
express them as follows

(6)

011 = 27rfc(Pn H 0:; = 2-"'r(.fc + X)()an ) (Tayb)
where ¢, is a quantity, which will be determined,
together with f,, by using optimization techniques in

the forthcoming section.

Due to the deterministic feature of our simulation model,
the correlation properties, i.e., the counter parts of (2a)
and (2b}, have to be calculated by applying time averages
according to the following definitions:

Py (7) 1= Jim 5 ] Bt v, (88)
T
| S P
g (1) = Jim oo [ 0+, (sb)
“r

for all 4, j = 1, 2. Performing the substitutions (5a)-{5d)
in (8a) and (8b), the following expressions can immedi-
ately be obtained:

N2
Fane (T} = Fugui () = Z 5 cos(2nfar), (%)
=5 )
P (7) = Fuguy () = = ) 2 sin{2rfur) , (9b)
n=1
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N2
- C
Fui (1) = Z —23 cos{2m fur + 2mipnx), (%)
Frapud, (r.x) = _F.uzu’l('r: X)
N
= - Z % sin(2w fa7 + 27p,x) ,  (9d)
n=1

Thme equations show us again that the good agreement
between (92)—{(94) and (5a)-(5d) strongly relies on the
simulation model parameters. Since e, has been deter-
mined by (6}, we will praceed firther to find appropriate
values for f, and ¢,.

IV. OPTIMIZATION TECHNIQUES

In this section, we will focus on the optimization proce-
dure in order to get the remaining model parameters:
fa and @,. The criteria for acquiring a proper set
of these parameters is to utilize the minimization of
the Lp-norm, which is addressed as Lpnorm method
(LPNM) in {19, 20].

Turning back to the expressions (9a)—(3d) and referring
to the discussion on the expressions (4a)-(4d} in Section
2, we find that (9a) and {9b) are just special cases of
{9¢) and (9d), respectively, when x = 0. Note also that
r does not appear in (9a) and (9b). These observations
incite us to first optimize f, by minimizing the following
error norm (p = 2):

Trnaz /2

Efu =W [/0 ET.U-'.Ui (T) - fmu.; ("'—)F2 dT]
Trmaz 1/2

[ ) - Bl L)
where ¢ = 1,2, W, and W, are real-valued weighting
factors which have to be chosen properly by the user.
The constant T,,,, defines an adequate delay interval
[0, Trmaz] in which the approximation of 7., (7) and
Fuipa (7) 18 of interest. For simplicity, we have chosen
Tmaz = 0.05 s in this paper. The optimized set of f,
will be obtained by applying an optimization appreach
to B e

If we substitute the obtained set of f, into (9¢) and (9d),
it then follows that the final parameters ,, can be ob-
tained by the minimization of the following error norm:

Xmagz

Trnax
. 2
/ l"'ﬂmé (%) — Py (1 X)'

/‘Tm«m

1/2
|T#IP2(T X~ .”“1“2(7 X)l deX] )

v =W [
—Xmax

Xrmax
drdx])*? + Wy [

—Xmazx

(11)



where i = 1,2, W3 and W, are again representing weigh-
ing factors, X,... means the maximun frequency hop
size which shounld be larger than or equal to the coher-
ence bandwidth of the channel. It has been mentioned
in {11} that the coherence bandwidth of practical cellular
systems is on the order of 1-2 MHz, which allows us to
address the range of x from -2.5 MHz to 2.5 MHz, and
thus, Ymee =2.5 MHz. Then, by applying a mimerical
optimization approach to E,, , we can obtain an opti-
mized set of the model parameters ,,.

V. PERFORMANCE EVALUATION

In this section, we analyze the performance of the
proposed FH channel simulator by comparing the
correlation properties of the simulation meodel [see
(9a)—~{9d)] with those of the analytical model [see
{4a)-{4d}]. Due to the fact that some model parameters
(fn and @,), obtained by the exploited LPNM method,
are not available In a closed-form, it is hmpessible to
evaluate the counvergency of the simulation model to
the analytical model when the number of parameters
tends to infinity. However, we can study the inevitable
degradation effects of the simulation model based on a
finite number of sinusoids. For the proposed simulator,
N = 40 is selected as a good compromise between the
model’s precision and complexity.

1) Comparison of 7, (T) with =, (7): As an example,
Fig. 1 impressively shows the excellent accordance
between 7, ,, (1) and v, ,, () for the given number of
sinusoids. In order to check the validity of our analytical
expressions, the simulation result is also illusfrated in
this figure, which is completely complied with the result
of our simulation model.

o (1) (@nalyiical model)

A ](1:) (simulation model)
ul"i
*  Simulation results

Autocorrelation function

001 0.02 0.03

Tsee

004 0.05 0.06

Fig. 1: Autocorrelation function r,,,, (7) {analytical
model) in comparison with 7,,,, () {(simulation model,
N = 40) for fnaz = 91 Hz and o3 = 1.

2) Comparison of 7,,,,,, () with 7,,,,(7): Equation (4b)
states that the inphase and quadrature components of
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the analytical model are uncorrelated. For its counter-
part of the simulation model, i.e., ¥, ., (7}, we find that
there unavoidably exists a corretation, as can be seen
from Fig. 2. But 7, ,,(7) is so small in the optimization
range that the correlation can be neglected in practice.

05

04 — J“\uz(t) (arna.!ylic.a] model)

03 --- ru‘ulm (simulation model) 1
02 ’ ] *  Simplation results 1

01 Opt. end

wader

Ankas,

r

Cross—correlation function

am 0.02 0.03

sec

0.04 005 0.06
Fig. 2: Cross-correlation function r,,,,(7) (analytical
model) in comparison with 7, ., () (simulation model,

N =40) for fpha: =91 Hz and ag =1.

3) Comparison of 7, (7, x) with r,,,(7,x): Based on
the COST 207 RA profile [18], the numerical results
of 7, (1,x) and 7,0 (7, x) are shown in Figs. 3(a)
and 3(b}, respectively. The obtained error norm is
also presented in Fig. 3(b). It can be ohserved that
the quality of the achieved approximation is pretty
good for ¥ = 40. To emphasize this aspect, we also
give in Fig. 4 the amalytical results of #, .1 (0,x)
and 7,,;-(0,x), which represent the cross-correlation
functions 7, . (7, %) and 7, “;(T,x) along the y-axis,
respectively.

4) Comparison of 7, ,.: (7, x) with r,,, .0 (7, X): As shown
m Figs. 5{a) and 5(b), excellent approximation results
for #,,,(7,X) & Ty, (7, x) can be achieved even for
a moderate value of N. Concerning the behaviour of
Ty, (7, x) and 7y, 2 (7, x) along the x-axis, we compare
Payug (0, x) with 7,0 (0, x) in Fig. 6. ‘

Note that Fig. 4 and Fig. 6 are of great importance to
choose the appropriste frequency separation ensuring
the nncorrelatedness between hops. If we choose as a
measure of uncorrelatedness, the correlation which is
less than or equal to 0.5, we see that this occurs when
the absolute value of x is larger than 1.47 MHz, which
can be employed to set up the frequency hop size in FH
systems with the specified RA profile.

V1. CONCLUSION

In this paper, we have proposed a novel deterministic



channel simulator for the emulation of FH Rayleigh fad- = *r—"—”-"“'*'—‘——"—]

ing channels. Some parameters were determined by us- (N
ing a numerical optimization method. The performance
analysis of our simulation model with a limited number
of parameters was also discussed and it turned out that
we can place enongh confidence on the proposed simu-
lator in the approximation of the correlation properties
of the underlying analytical model with acceptable com-
putational efforts. Therefore, this model is expected to
play a significant role in providing good precision and
low complexity system design for practical FH mobile
commmnication systems. 03
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Fig. 3: Cross-correlation function r,, . {r,x) for the Fig. 5: Crosscorrelation function 7, (7, x) for the
COST 207 RA profile (« = 0.1086 15, fmaz = 91 Hz, 00T 207 RA profile (@ = 0.1086 ps, frmex = 91 Ha,
og = 1) (a) ruu (1% {analytical model) and (b) of = 1) (a) 7, (7,X) (analytical model) and (b)

Py (T, X) (simulation model, NV = 40). Py (7, %) (Simulation model, N = 40).
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Fig. 6:  Cross-correlation function r,,, (0, x} (analyt-
ical model} in comparison with 7,,,,,(0,x) (simulation
madel, N=40) for the COST 207 RA profile {« = 0.1086
#5, frnaz = 91Hz, of = 1).
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